Using NPT and NVT molecular dynamics simulation techniques, we have simulated an atomistic model of solvated Nafion in the lithium salt form, with the following three main objectives: (i) to obtain details on the local environment of the lithium cations and to assess the solvent effect on their binding, (ii) to investigate the translational and rotational motion of solvent molecules (water and methanol) absorbed in the polymer matrix, and (iii) to elucidate details of the ionic transport though the hydrophilic regions of the membrane and to study the ionic conductivity as a function of solvent (water/methanol) composition. A property which is of central importance for understanding the functional features of Nafion materials, including direct methanol fuel cells, is the ionic conductivity and methanol crossover. We have found that conductivity parameter is strongly dependent on the solvent composition and determined by the solvation effects and the spatial distribution of polar sulfonate groups in ion-conductive channels.
Introduction
Nafion is the well-known example of polytetrafluoroethylene (PTFE)-based PEM materials and has, for a long time, been regarded as the state-of-the-art fuel-cell membrane polymer. After three decades and numerous attempts to create alternative materials, Nafion still holds its position as the proton-conducting polymer of choice, by virtue of its superior combination of conductivity and chemical stability. Nevertheless, Nafion is still not without its problems: it is expensive, it has a low operating temperature limit, and a relatively high methanol permeability (for direct methanol fuel cells, DMFCs).
Despite extensive experimental and theoretical studies of solvated Nafion membranes, up to now there are still many open questions in understanding the interconnection between their microstructure and dynamical characteristics, including transport of ions and absorbed molecules such as water and methanol. This area is addressed in the present theoretical study, which is based on atomistic molecular dynamics (MD). In this work, we focus on the dynamic properties of physisorbed water and methanol molecules and on ionic transport phenomena in solvated salt (Li) forms of Nafion. The ionic conductivity is a transport property which, in principle, can be calculated microscopically from the displacement of the mobile ions, in a way similar to the MD calculations of the diffusion coefficient of neutral gaseous penetrants from their mean-square displacements.
It should be emphasized from the very beginning that the systems modeled using our MD or similar approach, and most of the coarse-grained and mesoscale models, could be analogous to real perfluorinated sulphonic acid (PFSA) membrane materials to a limited extent, since the size and time scales of the simulations are dramatically smaller than those found in reality.
The unique properties of Nafion and its salts are mainly related to their high conductivity and water permeability. Nafion was originally developed for use as a separator membrane in chloroalkali cells and has since found widespread use in water electrolyzers, batteries and methanol membrane fuel cells. It is known that the overall performance of the fuel cells is strongly influenced by the conductivity of the Nafion membrane, which itself depends on the solvent content of the membrane. It is widely believed that the interesting electrochemical properties of such systems derive from the microphase separation of polar (ionic) material from the hydrophobic amorphous matrix. This results in the formation of solvent-containing clusters built up from the ionizable sulfonate groups of Nafion. The clusters are distributed more or less randomly over the hydrophobic matrix, comprising the fluorocarbon backbone of the polymer, and already at very low solvent content they can allow cations to diffuse rapidly through the membrane. Measured ionic conductivities can reach 10 −2 S/cm [1] (for comparison, a 0.1 M aqueous solution of NaCl slightly above room temperature has a conductivity of around 10 −2 S/cm [2] ).
Most of the work with Nafion (both theoretical and experimental) was done with water as a solvent. However, the incorporation of nonaqueous solvents, such as alcohols, is known to affect the morphology of swollen membranes. Alchohols even partly solubilize the polymer [3, 4] . Rivin et al. [5, 6] found that the uptake of water-ethanol mixture by Nafion membranes is much higher than the uptake of pure components. The solubility depends strongly on the composition of the solvent mixture and reaches a maximum at approximately 1:1 molar ratio. It was assumed that ethanol tends to surround the hydrophobic skeleton, while water interacts more strongly with the ionic side chains and counterions. The elevated uptake of watermethanol mixture by Nafion membranes was observed by Nandan et al. [7] . Pilar et al. [8] performed electron spin resonance studies of Nafion microstructure and found that the aggregation of Nafion backbone in alcohol is less pronounced than in water. Pellegrino and Kang [9] found that incorporation of alcohols affects the solubility and diffusivity of methane and carbon dioxide in Nafion membranes and demonstrated its applicability to gas separation. Preferential removal of alcohols from aqueous solutions by Nafion membranes was studied experimentally by Pasternak and Dorawala [10] . Saito et al. [11] studied PFSA membranes with different equivalent weight (EW) penetrated water/methanol mixture (molar ratio: 1:1), methanol, ethanol and 2-propanol. They found that the faster proton transport was promoted more when the membrane was penetrated by smaller alcohol, and the alcohol permeability is larger for the membranes with smaller EW. Morrone et al. [12] performed ab initio molecular dynamics simulation of the structure and proton transport dynamics of methanol-water solutions. The simulations reveal the existence of separate interpenetrated hydrogen-bonded water and methanol networks, also in agreement with the neutron diffraction data. In addition they predict anomalously high structural or Grotthuss-type diffusion mechanism of the charge defect when the composition of the mixture is 1:1.
To the best of our knowledge, the first endeavor to apply molecular modeling to the study of transport phenomena in Nafion-like systems was undertaken by Dyakov and Tovbin [13] . The first all-atom MD simulation of Nafion-like system was carried out by Elliott et al. [14] . They investigated sulfonic acid anions similar to Nafion side chains. The results of these simulations confirmed intuitional understanding of Nafion structure: fluorocarbon and ionic materials spontaneously phase separate to form a percolating structure of water-filled channels in a polymer matrix. Vishnyakov and Neimark [15] were the first who consider the polymer nature of Nafion structure and calculate minimum energy structures in vacuum. Later they observe that the mobility of the fluorocarbon oligomer backbone was enhanced in the presence of methanol in equimolar quantities with water [16] . But this study did not consider such properties as diffusion coefficient of different molecules and ionic conductivity, and no other proportion except equimolar was under investigation. The same authors studied 'polymeric' Nafion (although the molecular weight of modeled Nafion was at least one order of magnitude less that that for the real systems) at several different water contents [17] . The main conclusion from this study was that 'polymeric' simulations revealed a very similar qualitative picture to that obtained by oligomeric models.
In a more recent study, Urata et al. [18] calculated structure factors from their models to compare with experimental scattering data. They showed that the molecular models have a smaller ionic cluster size than real PFSA membranes, which was attributed to lower molecular weight of model polymers and, in addition, limitations due to finite size and timescale of the simulations. Jang et al. [19, 20] studied the effect of monomeric sequence in Nafion-type polymers on their structure and ionic transport. They selected two extreme cases of side-chain distribution along the backbone: random and diblock. The authors concluded that the degree of 'blockiness' in the real Nafion polymer in something in-between these two extreme cases, but closer to the diblock case. In a recent paper, Brandell et al. [21] compared the structures of Nafion, Dow and Aciplex polymers at several water contents. These represent the main materials in an industry of PFSA membranes by different companies; the main difference between these materials is the minor changes in the side-chain length. It was found that the Nafion side chain has an optimal length (in comparison with others) and the water-channel network connectivity is optimal for a high water-content Nafion system.
In a series of recent papers [22] [23] [24] Devanathan et al. carried out the systematic simulation study of the Nafion morphology at different degrees of solvation. The hydration levels studied in this work were λ = 1, 3, 5, 7, 9, 11, 13.5 and 20. The microscopic structure was found to be in reasonable agreement with experimental observations from neutron scattering [25, 26] . The authors of this work claim that they can identify free, weakly bound and bound water in hydrated Nafion membranes. In addition, they studied dynamical properties of water and hydronium molecules, including diffusion coefficients and mean residence time. These dynamical characteristics are in good agreement with the quasi-elastic neutron scattering (QENS) experiment [25] for the system at high hydration levels. Also, they observed that temperature had a significant effect on the diffusion coefficients for both water and hydronium ions.
In addition to 'classical' MD simulations described above, there are also mesoscale, multiscale and quantum chemistry models in the literature. Not observing all of them, we mention here only the most relevant ones.
In a series papers by our group [27] [28] [29] , we used Monte Carlo (MC) simulations, hybrid self-consistent MC/RISM, and coarse-grained lattice MD (cellularautomaton based) simulations to predict the geometry of microphase separation inside the Nafion hydrated material. It was found that the water and polar sulfonic acid groups are segregated into a three-layer structure with a central water-rich region, an outer layer of side groups strongly associated with water molecules and a 'corona' of the less polar regions of the side groups that are immersed in the fluorocarbon matrix. The characteristic length scale of the segregated structure increased perfectly linearly with water content. This result is in agreement with experimental data on Nafion swelling [30] [31] [32] . An important feature from these calculations is that the simulations would seem to be strongly supportive of the view that scattering is a result of the interference between spherical ionic clusters that reorganize and swell due to the incorporation of water. It is significant that such a result can emerge from a fully polymeric, albeit coarse-grained, molecular model containing no a priori assumptions about the membrane morphology. Recently, using 3-D selfconsistent field theory (SCFT) [33] , we basically confirmed the conclusions of the spheroidal geometry of ionomer clusters.
Explicit proton and charge delocalization of the excess proton transport, via the Grotthuss hopping mechanism, were treated using the self-consistent multistate empirical valence bond (SCI-MS-EVB) method in Refs [34] [35] [36] . The total proton diffusion was decomposed into vehicular and Grotthuss components and were found to be of the same relative magnitude, but with a strong negative correlation resulting in a smaller overall diffusion. Using the multiscale quantum mechanics/molecular mechanics ONIOM method, combining quantum calculations within a classical MD, Elliott and Paddison [37, 38] observed the formation of Eigen and Zundel ions at several hydration levels and concluded that, starting from some hydration level, solvent-separated Eigen ions begin to appear, indicating that the main proton motion will occur in the bulk water, away from sulfonated groups.
The current state of understanding of Nafion morphology can be found in a review by Mauritz and Moore [39] . More detailed discussion related to proton transport and local structure of Nafion fragments in the presence of water can be found in Refs [38, 40] .
Computational Models and Methods

Molecular Model of Perfluorinated Ionomer
The pendant chain in Nafion is a perfluorinated double ether chain with the following structure:
where X + is an exchangeable cation. In the presence of polar solvent, the terminal sulfonate groups are easily dissociated to form solvated anion SO 3 − and cation X + . The sulfonate groups in bulk Nafion can form ionic clusters (multiplets), embedded in a hydrophobic fluorocarbon matrix. In the present study, following Elliott et al. [14] , we decided to represent the perfluorinated ionomer using only the entire side chain attached to a trifluoromethyl group. In this case, MD simulation provides higher molecular mobilities and more significant structural reorganizations of the system. On the other hand, it is clear that the use of such a model, rather than a fully connected copolymer with comb-like architecture, makes the intramolecular chemical constraints less significant than in the real polymer.
In this study, we consider Nafion in the lithium salt form, that is, X + = Li + . The structural parameters and partial charges of the 25 atom side-chain anion were calculated using the semi-empirical quantum chemical method based on the AM1 Hamiltonian [41, 42] . Fully optimized molecular geometries were found using the Polak-Ribiere conjugate gradient method. In addition, we performed ab initio selfconsistent-field MO calculations both with a small basis set (STO-3G*) and with the 6-31G** split valence basis set [43] . In this case, the minimum energy structure was first determined at the semi-empirical AM1 level and then the partial charges were refined. The minimum energy structure of the side-chain anion (SHA) together with the partial charges assigned to each atom (giving a net charge of −e) is shown in Fig. 1 .
It should be noted here that for the simulations of membrane with a very low solvation level, the real charges might differ significantly from formally calculated charges. But we claim that the main idea of this research is not to simulate the system which will be maximally similar to experimental data, but to predict and understand general behavior at specific conditions.
In our MD simulations, we employed the AMBER-like force field supplemented by some additional parameters corresponding to fluorine atoms (see Refs [14] [15] [16] ). The total potential energy of the system was represented as a sum of the bond stretching, bond-angle bending and dihedral torsion energies as well as the van der Waals and electrostatic (Coulomb) terms, U = U b + U + U ϕ + U vdw + U e . Both short-ranged van der Waals and long-ranged electrostatic interactions between sulfonate fragments, lithium cations and solvent molecules were explicitly included in the model.
Lithium Cations
For complicated liquids, such as electrolyte solutions, highly accurate ab initio calculations do not necessarily guarantee proper pair potentials needed in computer simulations where the potentials used need to be effective ones, which means that many-body interactions (polarization effects) must be incorporated [44] . In view of this, we decided not to consider fine details of the ionic interactions, trying to retain the most essential physical features of the site-site potentials. Although this may seem less attractive from a fundamental point of view, it is believed that such an approach gives as good, or even better description than do extensive quantum mechanical calculations, at least for the complex system under study. In this way, each cation was, therefore, treated as a positively charged classical particle which was free to diffuse between negatively charged perfluorinated sulfonate fragments and neutral solvent molecules. The corresponding Lennard-Jones parameters for Li + were taken from Ref. [43] . In addition to the LJ potential, Coulomb effects were described by the electrostatic potential q i q j /r ij with q Li = +1 e.
Water
There exist several water models which all reproduce structural and thermodynamic properties observed experimentally with reasonable accuracy. The water model used in our simulations is the so-called simple point charge (SPC) model [45] extended by Toukan and Rahman [46] . In this model, the oxygen atom carries a charge −0.82 e, and both hydrogen atoms carry charges of +0.41 e. The equilibrium OH bond length is 1 Å, the equilibrium HOH angle is 109 • 28 . These values are determined by the combination of a Morse function and harmonic potentials. Parameters for interactions of lithium ions and water oxygens were calculated from Ref. [43] .
Methanol
Methanol molecules were treated in full atomic detail with the exception of the CH 3 groups, which were treated as single LJ centers (united atoms). Thus, the molecule of methanol was described by the three-center potential with the standard OPLS parameters for the CH 3 group and the AMBER force field for the O and H atoms. For the OH bond stretching term, the combination of harmonic and Morse potentials was used [47] . Although the methyl protons were not considered as interaction sites, their masses were properly allowed for in the equations of motion. The molecules, therefore, have the correct masses and moments.
Composition of Solvent-Containing Ionomer Membrane
The computational unit cell for the MD simulation contained n sulfonate molecular fragments, n lithium cations and n s solvent molecules (water or methanol). The solvation level defined by the ratio n s /n was equal to 4. The molar concentrations of sulfonate fragments, cations and absorbed solvent are 3.2 mol/l, 3.2 mol/l and 12.8 mol/l, respectively. This model approximately corresponds to the real system at EW = 1100 g/equiv, under ambient humidity conditions (the Nafion membrane is characterized by its equivalent weight, EW, which is defined as the mass of solventfree polymer containing one mole of terminal sulfonate groups; e.g., for the Nafion 117 membrane, EW = 1100 g/equiv). The infinite extent of the cubic simulation cell in three directions was mimicked by the usual periodic boundary conditions. The calculations were carried out for sufficiently large systems containing from n = 32 to n = 256 sulfonate fragments, leading to the total number of atoms in the system from 1216 to 9728. Most of the computations were performed with 9728 atoms. This system size was satisfactory for sufficiently reliable prediction of all the dynamic properties considered.
Initial Configurations and Their Relaxation
In order to obtain a many-molecule system, n identical sulfonate fragments having fully optimized geometry were initially placed on a regular simple cubic lattice spanning a periodic MD box and then were randomly reoriented. To remove the overlaps between atoms brought about by the omission of the intermolecular interactions during the initial generation procedure, a short MD run was performed with the bending, torsion, and electrostatic interactions switched on, while the LJ potential was introduced very gradually. Then, the cations and solvent molecules were distributed in the box and the system was further relaxed. At this initial stage, velocities were rescaled at each time step to compensate for the large amount of heat produced in the system.
MD Simulation
The systems were simulated both under NVT and under NPT conditions at T = 298 K. The temperature and pressure were maintained by the Nose-Hoover thermostat [48, 49] using the modular-invariant method [50] . Most of the computations were performed for NPT conditions. In the case of NPT simulations, the isotropic pressure was maintained at the required value of 1 bar by loose coupling with a τ P of 800 fs and the MD box was kept cubic. The corresponding Nose NVT relaxation time, τ T , was set to 30 fs. The equations of motion were integrated using the reversible double time step algorithm [51] in which all the forces are divided into two groups, 'fast' and 'slow'. The first one is due to covalent bonds, bond angles and dihedral angles; it also includes LJ forces and real-space electrostatic forces within a short cutoff distance, R s , of 5 Å. The second group includes LJ and realspace electrostatic forces on distances between R s and a 'long' cutoff distance R c as well as reciprocal-space electrostatic interactions. The electrostatic interactions in the simulations were computed using an Ewald summation technique with separation parameter, α, of 0.345 Å −1 and reciprocal-space cutoff, κ, of 8.8. With these parameters for the Ewald sum, the difference between the direct and indirect calculations of the reciprocal space contribution to the pressure was less than 0.2 bar. The relative dielectric constant ε was assumed to be 1, since all partial charges are treated explicitly. The truncation radius for LJ and electrostatic interactions was set to R c = 10 Å, and long-range corrections to the energy and pressure were made on the assumption that all the pair correlation functions g(r) = 1 beyond the cutoff [52] . The equations of motion were solved by the Verlet method [53] with 'fast' time step, t f , of 0.4 fs and 'slow' time step t s = 10 t f .
Equilibration runs were continued until such properties as potential energy, dimensions of the MD cell etc. had more or less stabilized. The total length of the equilibration runs was usually 200-300 ps for NPT simulations at P = 1 bar and more than 400 ps for NVT simulations at a density of 1.8 g/cm 3 , depending on the water/methanol composition. Configurations, thermodynamic, and conformational data were then stored and analyzed over production runs ranging from 8 to 16 ns. Bulk properties such as the average density in NPT systems and the average pressure in NVT systems were found to oscillate about a well-defined mean. In this work, we will discuss mainly the results from NPT simulations.
Results and Discussion
Solvent Effect on Binding of Cations
Experimental information about the immediate environment of the cations dissolved in solvent-containing Nafion membrane is mostly indirect. In principle, the corresponding data can be obtained via X-ray or neutron scattering measurements, which give pair correlation functions characterizing spatial distribution of atoms. The same functions can be calculated for the model systems under consideration. The pair correlation function (PCF), g AB (r), is defined as the spherically and time averaged distribution of interatomic separations r between two species A and B. We found the PCFs between the lithium cations and different atoms of the side chains and solvent molecules. It is clear that the Li + ions interact most strongly with the negatively charged oxygen atoms of the sulfonate groups and solvent molecules and with the positive partial charges on sulfur atoms. These functions, denoted below as g Li-OS (r), g Li-O (r) and g Li-S (r), respectively, provide important information about the state of aggregation of ionic material. They are shown in Figs 2-4 for the water-containing and methanol-containing systems simulated under NPT and NVT conditions.
A characteristic of all the systems studied is the high degree of short-range (local) structure that is evident in the Li-OS, Li-O and Li-S correlation functions. This feature is linked to the formation of ionic bonds between oxygens of the sulfonate groups and Li + and solvation shells around Li + . The tendency is enhanced in passing from the water-containing system to methanol-containing system. The stronger binding of cations in the latter case is confirmed by the inward shift of the first peak in the Li-OS and Li-S functions and by the increase in intensity of this peak. In addition, the formation of second coordination shells is strongly indicated. The position of the first maxima in the Li-O PCFs calculated here for the water-containing system under NPT and NVT conditions (r 1 = 2.1 Å) is in good agreement with the room-temperature MD simulations of a 0.55 molal LiI solution in water [54] . The main peak in the Li-S correlation functions is shifted toward larger r, relative to g Li-OS (r) . This is due to the repulsive forces between positively charged S and Li + and to the screening effect of oxygen atoms surrounding sulfur atom so the lithiums cannot get close. Beyond the first and second maxima in PCFs, there are diffuse peaks between 6 and 12 Å. These may be interpreted as 'free cation peaks' related to the cations that are more loosely associated with the solvent-containing polar matrix and, thus, can participate in ionic conductivity. In other words, there is no support for the concept of 'bonded counterions' in the present simulation. Table 1 contains time-averaged potential energies, U e and U vdw , characterizing electrostatic and van der Waals interactions between the cations and the sulfonate chains and solvent molecules.
As seen, the electrostatic energy is the dominant term in the total non-bonded energy. What is relevant here is the fact that the total potential energy, U = U e + U vdw , found for the Li/chain and Li/solvent interactions in the water-containing systems is always a little less than in the methanol-containing counterparts. This would seem to be at variance with the results presented above for PCFs. However, it should be borne in mind that the PCFs considered here characterize the local environment formed around the lithium ions while the value of U is determined by a sum of interactions between all atoms belonging to given species and, thus, characterizes their overall affinity. The reason for the differences discussed can be understood from the fact that the liquid methanol has a lower dielectric permittivity than bulk water and, as a result, it is a 'poorer solvent' for cations. Because of their poorer affinity to the methanol (see Table 1 ), the lithium cations try to associate with sulfonate groups more closely; this effect is well seen in Figs 2-4 . One can say that the addition of methanol to the system promotes the formation of bound ionic states (i.e., ion pairs) but, on the other hand, reduces an overall coupling of the polymer and ionic subsystems. Not surprisingly, this leads to the decrease in the system density, the result that follows from our NPT simulation (see Table 1 ). As we will see below, such features are important for understanding transport phenomena. Of course, in addition to the formation of ion pairs, also larger clusters of ions could form, including a percolating cluster. It is clear that the mobility of a cluster of ions can be radically different from the mobility of isolated ions. Some of the related problems will be discussed below.
The Mobilities of Solvent Molecules
The translational and rotational motion of solvent molecules in the polymer matrix can be characterized by their diffusion constant, D, and reorientational correlation times, τ . The self-diffusion coefficient of an individual molecule can be calculated from its center-of-mass mean-square displacement (MSD) using the Einstein relation
where the brackets · denote an ensemble average or, equivalently, an average over different time origins t = 0 and R(t) is the center-of-mass position vector of a molecule at time t. An alternative route is via the integral of the center-of-mass velocity autocorrelation function (VACF) according to one of the Green-Kubo relations as
For the self-diffusion case, the ensemble average is performed over all molecules as well as over all time origins since R(t) and v(t) are single molecule properties.
The corresponding time interval must be sufficiently long to allow for the complete decay of the time correlation functions. The procedure used here for calculating the appropriate time averages of the transport coefficients involved the method of running averages [55] . One should note that for some of the runs, the MSDs were too noisy to establish unambiguously where the Einstein behavior has been reached. Therefore we preferred to calculate the transport coefficients from the Green-Kubo relations.
From NPT simulations, we found for the diffusion constants: D H 2 O = 3.41 × 10 −6 cm 2 /s and D CH 3 OH = 4.08 × 10 −6 cm 2 /s. The value of D calculated for H 2 O is an order of magnitude smaller than the one in the pure SPC water model (3.6 × 10 −5 cm 2 /s) and a factor of 6 smaller as compared to the experimental value of 2.4 × 10 −5 cm 2 /s known for bulk water [56] . Hence we conclude that water in the Nafion membrane diffuses 6-10 times more slowly than bulk water, indicating that the state of water in ionomer environment is significantly different from that of ordinary bulk water. In other words, the water motion is affected (slowed down) by the presence of the polar polymer component. The self-diffusion coefficient of liquid methanol has been measured over a wide range of temperature by radioactive-tracer method [57] . At T = 299.3 K, the experimental value of D CH 3 OH was found to be equal to 2.4 × 10 −5 cm 2 /s. From this it is evident that the diffusion of methanol in the Nafion membrane is also considerably slower compared to pure liquid. We can compare the diffusion constant of water in our simulation with some other experimental results. Porter et al. [58] studied the penetration of water vapor through perfluorinated polyether films on concentrated sulfuric acid and found that D H 2 O = 6 × 10 −6 cm 2 /s. Callaghan et al. [59] demonstrated a diffusion constant of H 2 O in a self-assembling potassium-palmitate/D 2 O system at 338 K of 8.5 × 10 −6 cm 2 /s (at 300 K, this value corresponds to 5.2 × 10 −6 cm 2 /s). These values measured for related systems are in reasonable agreement with our MD results. In addition, we can compare the translational diffusion coefficients calculated here with predictions from other MD studies carried out for Nafionlike models. In their NVT simulation of water-containing system Elliot et al. [14] observed surprisingly low molecular mobilities; the resulting diffusion coefficient for water molecules was found to be 1.14 × 10 −8 cm 2 /s. On the contrary, the NPT simulations of Vishnyakov and Neimark [15] demonstrated that the diffusion coefficients of water and methanol are only slightly lower than those in the corresponding bulk liquids and very close to each other (D H 2 O = 1.80 × 10 −5 cm 2 /s and D CH 3 OH = 1.77 × 10 −5 cm 2 /s). It seems likely that the difference between their and our predictions is due to the fact that the equilibrium system densities considered in the study [15] were 1.11 g/cm 3 in water and 0.842 g/cm 3 in methanol, which actually corresponds to diluted solutions.
A complete description of the reorientational motion of a molecule can be given in terms of an infinite set of generalized spherical harmonics. For our purposes, it is sufficient to consider only the time autocorrelation functions defined as
where P l (cos ) is a Legendre polynomial and (t) is the angle through which a molecule-fixed vector rotates in a time t. The vectors used were: (i) the dipole vector μ and (ii) the vector connecting the terminal atoms (H-H for water and H-CH 3 for methanol). The autocorrelation functions were calculated for the first and second Legendre polynomials, P 1 (cos ) = cos and P 2 (cos ) = (3 cos 2 − 1)/2. As an example, Fig. 5 presents the dipole autocorrelation functions (DACF), μ(t) · μ(0) , of water and methanol obtained from NPT simulations. In the longtime limit, DACFs display the usual, Debye-like, exponential decay. At very short times, however, there are weak oscillations of a type that is apparently characteristic of strongly associated liquids [60] . It should be noted that the oscillations become more pronounced for the second Legendre polynomials and can be related to a vibrational motion of the molecule in the potential energy well provided by the hydrogen bond in which the H atoms partake. In our case, the hydrogen bonds can arise both between solvent molecules and between solvent molecules and the sulfonate groups. We found that the mean-square displacement of solvent hydroxyl hydrogens relative to molecular center of mass increases initially, showing an anomalous short-time behavior, and then starts decreasing after ≈0.2 ps, displaying the nearly linear growth with t at t 1 ps. This can be explained as caused by the oscillations of the molecular dipole-moment vectors, which reflects also in the DACFs for very short times.
To estimate the lifetime of the H bonds, we calculated the angular velocity correlation functions (AVCF), ω(t) · ω(0) , of solvent molecules and the angular frequencies corresponding to the oscillations of the dipole vectors. Our analysis showed that the weak initial glitch in DACF, hardly seen on the time scale of Fig. 5 , can be linked to the negative region in the AVCFs which have the following relaxation times: 0.28 ps and 0.25 ps for the water-containing and methanol-containing systems, respectively. The data presented above would mean that the lifetime of the H bonds should be in the range of 0.2-0.3 ps. This estimation can be compared with the corresponding value of 0.03-0.07 ps found for pure bulk water (see, e.g., Ref. [61] ). The difference is not surprising, taking into account the possibility of hydrogen bonding between solvent molecules and the Nafion SO 3 groups which serve as acceptors of a hydrogen bond donated by a solvent molecule.
Having the PCFs calculated, it is easily to estimate the average number of Hbonds formed by the SO 3 groups with solvent. Assuming that a hydrogen bond is formed if the distance between the oxygens does not exceed 3.5 Å, we found that the oxygens of one sulfonate group can form approximately 10 H-bonds with water and methanol molecules. This value is consistent with the more rigorous analysis of Vishnyakov and Neimark [16] . However, their hydrogen bond lifetimes considerably exceed those predicted in our simulations. Probably, this is due to the fact that these authors used another criterion of hydrogen bond lifetime based on residence times for oxygen atoms bonded via a hydrogen atom.
The DACFs were fitted to three exponentials as
with the following condition: i a i = 1. The parameters a i and the relaxation times τ i were calculated from a nonlinear least-squares fit of the simulation data to equation (4). The standard deviation of the fitting was less than 0.01. It is clear that the small components in equation (4) die much faster; therefore, the long-time behavior of C 1 (t) is controlled by the main component with a maximum characteristic time τ max . The rotational correlation times, τ (1) , defined by
were found to be equal to 10.4 ps for the water-containing system and 15.5 ps for the methanol-containing system. The rotational correlation times, corresponding to the C 1 (t) function defined for the vector connecting two terminal atoms, are 7.74 ps and 16.5 ps, respectively. From the comparison of our results with the water simulation by Lie and Clementi [62] , who found for the dipole relaxation time a value of 4.1 ps, one can conclude that the rotational motion of water absorbed by the Nafion membrane is considerably slowed down compared to pure water. The same is true for methanol molecules. Indeed, from the MD simulation of liquid methanol at 299.3 K [63] , the l = 1 relaxation time for the dipole-moment vector was estimated to be 10.1 ps. Thus, solvent molecules, hydrogen-bonded to the sulfonate groups, have roughly 2 times lower rotational mobility. For a diffusive motion, the rotational correlation functions defined by equation (3) [64] . At the same time, the effective diameters of the molecules are quite reasonable and close to those known for the corresponding bulk liquids.
Experimentally, information on τ (2) can be obtained from NMR relaxation-time measurements. With some assumptions, the spin-lattice relaxation rate for particles with spin 1/2 is given by [65] 1
where is the quadrupole coupling constant and ω 0 is the nuclear Larmor frequency. At sufficiently high temperature, i.e., when ω 0 τ (2) 1, the spin-lattice relaxation time T 1 is inversely proportional to the correlation time τ (2) . Recently, MacMillan et al. [66, 67] have measured proton and deuterium spin-lattice relaxation times as well as spin-spin relaxation times as a function of hydration and temperature in hydrated Nafion with a molecular weight of 1100 g/mol. They have concluded that water absorbed in Nafion creates an environment of cluster embedded in the fluorocarbon matrix. The values of τ (2) measured above some transition temperature T t (at 363 K) were estimated to be 14 ps for 5.9% H 2 O, 9 ps for 7.7% H 2 O and 4.5 ps for 15.9% H 2 O. These hydration levels correspond to 3.8, 5.1 and 11.6 water molecules per one sulfonate groups, respectively. For the watercontaining system at the hydration level n s /n = 4, our MD simulation predicts τ (2) = 4.45 ps. The correspondence between MD and experimental values is encouraging. The difference may be caused by the fact that in our NPT simulation the density of ionic components is slightly lower compared to the real system as well as by the fact that model SPC water diffuses faster than real water. Nevertheless, both experimental and theoretical results demonstrate that the rotational motion of water molecules is inhibited in the Nafion membrane. Indeed, in the case of bulk water, the value of τ (2) is characteristically about 1 ps [68] . On the other hand, it is known that, in bound or surface water, τ (2) ranges from 10 ps to 1 ns [68] . For the methanol-containing system, our calculations give τ (2) = 5.66 ps. This is close to the NMR data of Gruner and Hertz [69] for liquid methanol.
From a free diffusion model one expects a ration of τ (1) over τ (2) of 3. This relationship is violated for solvent molecules absorbed by Nafion, where the ration is 2.3 for H 2 O and 2.7 for CH 3 OH. This is another indication of the hindered rotation of absorbed molecules in the Nafion/solvent system.
Effect of Solvent Composition
At a fixed solvation level, n s /n, where n s is the total number of solvent molecules in the system, solvent composition can be determined by the mole fraction c m = n m /(n w + n m ), n w where n m are the numbers of water and methanol molecules (n s = n w + n m ). We performed a series of NPT simulations for different c m while the solvation level is fixed at n s /n = 4. In this subsection, we focus on the system density, ρ, and the electrostatic energy of interaction between lithium cations and sulfonate chains, U e , considering these quantities as a function of c m . They are presented in Fig. 6 .
One sees that the system density decreases as methanol content in the system increases. This is accompanied by an increase in the electrostatic energy, which is the dominant term in the total potential energy of ionic interactions. Therefore, we conclude that, when the fraction of absorbed methanol increases, the system becomes more 'swollen'. One could expect that this will result in an increase in molecular mobilities, including diffusion coefficients and ionic conductivity. However, as we will see below, generally speaking, this is not the case. As a matter of fact, the situation seems more complicated.
In Fig. 7 we present the translation diffusion coefficients of water and methanol as a function of the solvent composition. As can be seen, the value of D H 2 O initially increases with c m increasing up to c m ≈ 0.5 and then begins to decrease. On the other hand, we observe a monotonous decrease in the diffusion coefficient of methanol, D CH 3 OH , with c m increasing. Note that uncertainties shown in this figure (as well as in the figures given below) were estimated from the corresponding time autocorrelation functions following the method described by Straatsma et al. [70] .
Thus we can conclude that ≈1:1 solvent composition is the most favorable for water diffusion in the Nafion membrane swollen in the mixed solvent. Going to higher methanol concentrations, the mobility of methanol molecules drops, despite the system density decreases (see Fig. 6(a) ). A possible reason for this behavior is an interplay between structural and dynamic correlations among the species involved in the system. It is clear that a solvent molecule participating in the formation of a hydrogen bond is less involved in the overall circulation of a given solvent. Each water molecule can form four H-bonds, both with sulfonate groups and with other water molecules or methanol, while a methanol molecule is able only to donate one hydrogen atom and accept one H-bond. At low methanol concentrations, practically all water molecules form H-bonds so that their diffusion coefficient is relatively small. As the methanol content is increased, some part of the H-bonds formed by water is replaced by methanol. This leads to an increase in D H 2 O . However, when the total number of water molecules in the system becomes comparable to the number of SO 3 groups, practically all of them are bound with these groups. As a result, the fraction of 'free' water decreases and D H 2 O drops. It is well known that water shows a more extensive hydrogen bond network compared to methanol. Because of this, methanol molecules, at their relatively low concentration in the mixed solvent, can be viewed as 'structural defects' in the water hydrogen bond network. In addition, they have poorer overall affinity to the sulfonate chains compared to water (see Table 1 ). Not surprisingly, under these conditions, we observe higher methanol mobility. The mobility reduces as the H 2 O· · ·SO 3 associations are replaced by the CH 3 OH· · ·SO 3 associations with increasing methanol content -behavior that is well seen in Fig. 7(b) . Note that, for any c m , one observes D H 2 O < D CH 3 OH , as it should be taking into account above-mentioned reasoning.
Diffusion of Cations and Ionic Conductivity
From the velocity autocorrelation functions obtained in our NPT simulations for the individual Li + ions one can calculate their self-diffusion coefficients, D Li . They are shown in Fig. 8 as a function of the c m parameter characterizing the solvent composition.
It is seen that, under the conditions considered, the D value goes through a maximum located near 1:1 solvent composition. This is in line with the observation presented above for the diffusion coefficient of water. It is easy to understand why D Li drops when the methanol content increases. As has been mentioned, in this case the effective dielectric constant decreases, which promotes the formation of ion pairs. The binding of the cations by the low-mobile sulfonate chains leads to a decrease in D Li . It is more difficult to explain the behavior of D Li at low methanol content. A possible reason is connected with the anomalously high hydration of the lithium cations due to their small ionic radius [43] . We do find evidence for this analyzing the corresponding Li-solvent PCFs (see Figs 2(a) and 3(a) ). Both in the water-containing and methanol-containing system, the lithium ion is found to be in the cage of about six firmly attached solvent molecules of its first solvation shell. Additional solvent molecules form a second solvation shell around the Li + . The number of water molecules included in this shell is larger than the number of methanol molecules by a factor of 1.5. In this situation, one should consider the diffusion of Li/water complexes rather than diffusion of individual cations. Because of the stronger resulting solvation of the lithium ion in the water environment compared to methanol, its dynamic properties are expected to be more influenced by water, leading to more hindered motion of the ions in this case. Thus we again can clearly see a specific interplay between structural and dynamic correlations in the ion-containing Nafion system with absorbed water/methanol solvent.
We can compare the diffusion constants obtained for the Li cations in our study with those found for the 2.2 molal LiI solution in water from the MD simulation and from experiments at 305 K [71] . These simulation and experimental values of D Li are 0.7 × 10 −5 cm 2 /s and 1.0 × 10 −5 cm 2 /s, respectively. Inspection of Fig. 8 shows that they are considerably larger than the self-diffusion coefficient observed in the water-containing Nafion system. The difference is directly linked with the fact that the Li + ions tend to form ion pairs with SO 3 − groups, competing with solvent molecules for these sites.
In the standard linear response theory (see, e.g., Ref. [72] ), the ionic conductivity, λ, is related to the charge flux autocorrelation function, CFAF, according to the following Green-Kubo relation
where the flux is given by j(t) = e n i i z i v i (t), n i is the number of ions, z i is the charge of a given ion, e is the elementary charge, and V denotes the system volume. Below, we will discuss the conductivity caused by cations, assuming that only they are mobile and contribute to the electric current.
It should be emphasized that the ionic conductivity is a collective dynamic property that reflects mutually correlated motions of particles with long-range electrostatic interactions. In this respect it differs from the self-diffusion coefficient of the same particles even at extremely low concentrations. As can be seen from equation (8), the CFAF contains cross terms (i.e., v i v j with i = j ) that account for the cross-correlation between two different particles. Both the MSD of pairs and the VACF of pairs of particles involve cross terms which are responsible for the difference between singlet and pair diffusion. We must, therefore, distinguish between the singlet and collective (pair) self-diffusion treated in terms of the velocity autocorrelation function and the mean-square displacement of particles. The presence of cross-correlations leads to a reduced diffusion coefficient for pairs in comparison with that of single particles, reflected in a steeper decay and a deeper minimum of the collective VACF. For the singlet VACF, one can average over all particles of the system to improve statistics. On the other hand, in the case of the collective correlation functions, there is no such possibility, since there is only one collective function that manifests itself in greater statistical noise. In our NPT simulations, we were able to estimate the total error for the CFAF and the collective VACF to be about 10%.
The value of λ (in siemens per meter S/m = 1/ m) is presented in Fig. 9 as a function of solvent composition, c m . It is seen that, similar to the singlet selfdiffusion coefficient of Li + shown in Fig. 8 , the ionic conductivity calculated for the same ions goes through a maximum. It also occurs in the range of c m where it is observed for D Li . We believe, again, that this is a direct consequence of the complex interplay between electrostatic forces and transport properties, as has been mentioned above. Unfortunately, we do not have the corresponding experimental data at hand to compare with our theoretical predictions. However, it seems that the conductivities calculated in the present work are quite reasonable, at least, in their order of magnitude of 10 −4 S/m.
In the final part of this subsection, we will briefly consider the mechanism underlying cation migration and ionic conductivity. The interesting dynamical variable is the ion-migration trajectory from which the macroscopic transport properties such as D and λ are calculated. We obtain this trajectory (positions and momenta as a function of time) for the diffusing particles by numerically integrating the equa- tions of motion for a given set of initial conditions. In order to shed some light on the transport mechanism, we analyzed several typical trajectories of 32 individual cations; one of them is presented in Fig. 10 for the water-containing system, at c m = 0. Inspection of these trajectories allows the identification of several patterns for ion migration in the solvent-containing Nafion matrix.
As can be seen from Fig. 10 , where the three-dimensional way and the xcoordinate of the Li + trajectory are drawn as a function of time for a particular case, the cation carries out discrete jumps from one binding site (SO 3 − group) into another. The superposition of all interaction energies of the cation with its environment creates a potential energy U (x, y, z) for the moving cation as a function of its migration coordinate. It provides an energetically favorable pathway for the cation through the membrane. The potential energy along this path is characterized by binding sites, which correspond to the well-defined quasi-equilibrium minima of U (x, y, z) (potential traps), where the ion shows oscillations for a relatively long time. Also, there are transition-state sites, that is, the saddle points of U (x, y, z) which correspond to very rapid crossover from one binding site into a neighboring one.
A few other examples of the 3-D trajectories illustrating typical motion patterns are given in Fig. 11 . As seen from Figs 10 and 11, progression of cations from one potential trap to the next can take different forms. In Fig. 10 , we can observe two such traps: the ion jumps from one trap into another, stays there for about 50 ps, and then falls back into the first trap. In Fig. 11(a) , one observes three transitions between three different traps, while Fig. 11(b) presents an example of a smooth (continuous) motion pattern, when the trapping ion moves together with its binding site and shows short-time fluctuations, remaining connected to this site. Net cation transport is the superposition of all these motions along the conductivity grid.
Analyzing the ion-migration trajectories, one can speculate that the long-range ion motion within the system might be appropriately viewed as a process that is fractal in space or in time with two characteristic space (time) scales. In terms of system morphology, the migration pathways are constrained by hydrophilic conductive channels, which exist in the microphase-separated structure of the solventcontaining Nafion. Such channels can be visualized directly by constructing threedimensional Connolly surfaces. A Connolly surface [73] is the locus of points formed by the intersection of the van der Waals surface of a given ensemble of particles with a spherical probe particle of radius R 0 which is rolled over the particles under consideration. In this way, the global conductive-network morphology can be studied. An example of the image generated with R 0 = 1.4 Å for the subsystem of water molecules and lithium ions is shown in Fig. 12 for the 9728 atom watercontaining system. One can observe the formation of the long tortuous channels running through the whole computational box. For the relatively high water content considered, essentially no isolated hydrophilic clusters are presented in the system Figure 11 . The three-dimensional (x, y, z) trajectories of Li + ion for the water-containing system. and the majority of the polar component is found on the continuous (effectively infinite) domain. Such a morphology of the microphase-separated system is favorable for ionic conductivity. In this case, the sulfonate groups, playing the role of binding sites for cations, are located close to each other so that the cations can easily jump from one binding site to a neighboring one, demonstrating the site-to-site migration mechanism. In principle, the cations can travel together with the SO 3 − groups as ion pairs, or by the migration of one cation while its contrion SO 3 − is released and rearranges itself into a new environment. Because the polymer itself cannot travel far, the migrating cations are constrained to move along the conductive channels. Consequently, we expect an increasing jump rate with decrease in the average distance between two adjacent sulfonate groups. The corresponding changes in the spatial distribution of these groups can be induced by changes in the effective dielectric Figure 12 . Three-dimensional Connolly surface generated for the subsystem of water molecules and lithium ions after NPT simulation for 16 ns for the 9728 atom water-containing system. permittivity, ε, which, in turn, depends on the solvent composition. It should be stressed that here, however, that there are two competing effects. On the one hand, as ε becomes lower, this promotes the formation of ion pairs and increases their mutual attraction, resulting in more close contacts between the SO 3 − groups and leading, therefore, to more intensive cation migration. On the other hand, it is clear that very strong binding of cations by the polymer decreases jump rates and a net ionic conductivity. Such a behavior is seen in Figs 8 and 9 , nicely illustrating the role of these competing effects. Of course, the overall conductivity of the system not only depends on the site-to-site transition frequency and the spatial distribution of sulfonate groups in the channels but also on the solvation of the migrating ions by the low-molecular-weight solvent. In the real system, the ionic conductivity also should depend on the presence of other transported particles in the system (for ex-ample, Cl − anions). The influence of small mobile anions on the conductivity of solvent-containing Nafion membranes is the subject of our future investigation.
Conclusion
Molecular dynamics simulation of transport phenomena in the condensed phase is a very time-consuming procedure. The numerical effort drastically increases with the complexity of the model and the number of particles in the system, especially in the case of charged particles interacting via long-range Coulomb potentials. Therefore, in order to study the dynamic characteristics of solvent-containing Nafion membranes on a molecular level, we have used a rather simplified model which nevertheless mimics some of the salient features of these complex microphaseseparated solid polyelectrolytes, at least the properties of their hydrophilic regions known to be responsible for transport processes and electrochemistry.
We have simulated the model of solvated Nafion in the lithium salt form, with the following three main objectives: (i) to obtain details on the local environment of the lithium cations and to assess the solvent effect on their binding, (ii) to investigate the translational and rotational motion of solvent molecules (water and methanol) in the polymer matrix, and (iii) to elucidate details of the ionic transport though the hydrophilic regions of the membrane and to study the ionic conductivity as a function of solvent (water/methanol) composition.
A property which is of central importance for understanding the functional features of Nafion materials, including methanol membrane fuel cells, is the ionic conductivity. We have found that this parameter is strongly dependent on the solvent composition and determined both by solvation effects and by the spatial distribution of polar sulfonate groups in ion-conductive channels.
In should be stressed that, although we have only considered the transport of the lithium cations and ignored the possibility of charge transfer between ions, the results obtained are somehow relevant to the problem of protonic conductivity. Indeed, in the water environment, each lone proton associates with a water molecule and forms a hydroxonium ion H 3 O + with a net charge of +1 e. In many respects, the hydroxonium ion behaves like the Li + ion, especially taking into account the small ion radius and mass of the Li + . Hence, it is believed that our main conclusions concerning the solvent effect on the ionic conductivity of Nafion in the lithium salt form could be correct for Nafion in its acid form. But we have to remember that our set of potentials does not include structural diffusion mechanism of proton conductivity (so-called Grotthus jumping). Charge transfer requires a quantum mechanical treatment and is, therefore, not within the scope of classical MD simulation techniques.
Although the critical Grotthus proton jumping mechanism is missing from our MD model, it is nevertheless interesting to investigate the classical diffusion in such a system. We can forecast crossover behavior for different liquid fuels, like methanol, and usage of Nafion membranes not only as a common use proton-exchange membrane, but more general ion-exchange membrane for fuel cells and other applications.
